We report 75 As nuclear magnetic resonance (NMR) / nuclear quadrupole resonance (NQR) and transmission electron microscopy (TEM) studies on LaFeAsO 1−x F x . There are two superconducting domes in this material. The first one appears at 0.03 ≤ x ≤ 0.2 with T c max = 27 K, and the second one at 0.25 ≤ x ≤ 0.75
I. INTRODUCTION
Iron-based superconductors (FeSCs) are a new class of high transition-temperature (T c ) family [1] , which have attracted great interests in recent years. Vast efforts have been devoted to explore materials with higher T c [2, 3] , and to understand the unconventional superconducting state [4] [5] [6] . Soon after the first breakthrough of the discovery of the so-called "1111" structure LaFeAsO 1−x F x [7] , a wide variety of iron pnictides and chalcogenides, such as AFe 2 As 2 ("122") [8] , AFeAs ("111") [9] , FeSe ("11") [10] were discovered successively. Most FeSCs show a tetragonal-orthorhombic structural phase transition (SPT) at T s followed by an antiferromagnetic (AF) order at T N . Element substitution or external pressure suppress both T s and T N then lead to superconductivity [1] . Since unconventional superconductivity emerges in close proximity to antiferromagnetism, the AF spin fluctuations are naturally proposed to be responsible for the electron pairing [11] , as is the situation in heavy fermions [12] and high-T c cuprates [13] . More recently, the electronic nematicity, a phenomenon of spontaneous rotation-symmetry breaking in the Fe-plane below T s , has emerged as another hot research topic in FeSCs [14] . Electrical resistivity [15] , spin excitation [16, 17] and magnetic torque [18] show large in-plane anisotropy. Such electronic nematicity may stem from the band splittings of the Fe-3d xz and 3d yz orbitals [19] . Many intriguing properties arising from nematic fluctuations associated with a quantum critical point (QCP) has been reported [20, 21] .
However, the origin of nematic order is still controversial; both spin- [22] and orbital- [23] [24] [25] [26] scenario have been proposed. Thus, antiferromagnetism and electronic nematicity below T s are two noteworthy characteristics of FeSCs, which hold clues to the underlying of the physics in this new class of materials.
After the AF order is suppressed, spin fluctuations have been reported for different 122 systems [20, [27] [28] [29] , and also in LaFeAsO 1−x F x with x ≤ 0.15 [30] . However, so far the phase diagram for the prototypical FeSC LaFeAsO 1−x F x in the underdoped region is still unclear. Early works suggested that T s and T N stay constant with increasing doping and vanish abruptly at some doping level, before superconductivity emerges [31, 32] . Also, spatial phase separation of AF and paramagnetic-superconducting domains were reported near the phase boundary [33, 34] . Such phase diagram is quite different from that of other FeSCs, for example, CeFeAsO 1−x F x [35] , SmFeAsO 1−x F x [36] and 122 systems [20, 28, 29, 37 ], where T s and T N decrease with increasing doping. Furthermore, superconductivity coexists microscopically with AF state in 122 systems [20, 38] . It is unclear whether the early-reported properties are due to the poor poly-crystalline sample quality or arise from the intrinsic property of LaFeAsO 1−x F x .
As for the carrier doping, early studies suggested that the F-content can not exceed 0.2 [7, 30, 31] . However, by high-pressure synthesis technique, we recently found that the F-content can go as high as 0.75 [39] . In the heavily doped region, we discovered another superconductivity dome centered at x = 0.55 with an even higher T c = 30 K [39] . Surprisingly, we found that a structural phase transition takes place above the new dome [39] . This discovery raised interest on the connection to the SPT in the low doping region, and on the role of the electronic state change below T s in FeSCs in a broader context.
In this paper, we address the issues of the SPT in the two doping regimes. We also attempt to construct a complete phase diagram of the low doping region, and explore the interplay between antiferromagnetism and superconductivity. By 75 As NMR and TEM, we demonstrate that the structural phase transitions taking place in the low-doped and high-doped regimes share similarities. In the low doping region, the suppression of T s and T N shows a second-order-like variation towards the first superconducting dome. For x = 0.03, a long range AF order at T N = 58 K with a magnetic moment of m Fe ∼ 0.011 µ B is found and bulk superconductivity sets in at T c = 9.5K.
The measurement of the spin-lattice relaxation rate (1/T 1 ) indicates a microscopic coexistence of AF order and superconductivity. Our results show that the phase diagram of LaFeAsO 1−x F x in the low-doped regime (x ≤ 0.15) is similar to that of the 122 systems. In the second dome, however, neither AF order nor spin fluctuation can be found, but T s increases with increasing x for x > 0.5.
T s extrapolates to zero at around x opt = 0.5∼0. 55 , where the electrical resistivity shows a T -linear behavior and the coefficient A from the ρ = ρ 0 + AT n fitting shows a maximum. These interesting properties may originate from the quantum fluctuation associated with a nematic order.
This paper is organized as following. The experimental methods are described in Sec. II. In section III A, the 75 As NQR spectra that evidence an AF order are presented. Evidence for a coexistence of AF order and superconductivity are shown in Sec. III B. Section III C discusses the structural phase transitions in the two doping regimes, on the basis of TEM and NMR data.
Finally, a possible new type of quantum criticality in the second dome is discussed in section III D.
II. EXPERIMENTAL METHODS
The polycrystalline LaFeAsO 1−x F x samples were prepared by the two-step solid state reaction method. Here, x indicates the nominal composition of the starting material. In the first step, the the nominal ratio and pressed into pellets. Different from the AP method, the pellets were sealed in boron nitride crucibles and sintered in a six-anvil high-pressure synthesis apparatus under a pressure of 6 GPa at 1250
• C for 2-4 hours. After sintering, the sample was quenched to room temperature by water cooling within a few seconds, and then the pressure was released.
Compared to the solid state reaction under ambient pressure, the high pressure synthesis method have two advantages. Fist, the raw materials are sealed and pressurized in the whole synthesis process, so fluorine element, which is volatile and easily react with silica, can be kept. Second, reaction under high pressure and the rapid quenching process help to keep the meta-stable phase that can not be formed at ambient pressure.
Powder x-ray diffraction (XRD) with Cu Kα radiation (λ= 0.154nm) were performed at room temperature to characterize the phase purity and structural parameters. The temperature dependence of resistivity were measured by a standard four-probe method. The value of T c was determined by both dc susceptibility using a superconducting quantum interference device (Quantum Design) and ac susceptibility using an in-situ coil. 75 As NMR/NQR measurements were carried out by using a phase-coherent spectrometer. The NMR spectra were obtained by scanning the frequency and integrating the spin echo at a fixed magnetic field H 0 . The NQR spectra were also taken by changing the frequency point by point. The spin-lattice relaxation time T 1 was measured by using the saturation-recovery method. The recovery curve of 75 As (I = 3/2) NQR is well fitted by a single exponential function 1 − M(t)/M 0 = exp(−3t/T 1 ), where M 0 and M(t) are the nuclear magnetization in the thermal equilibrium and at a time t after the saturating pulse, respectively [41] .
Specimens for TEM were prepared by crushing the bulk material into fine fragments which were then supported by a copper grid coated with a thin carbon film. A JEOL 2100F TEM, equipped with cooling (below T = 300 K) or heating sample holders (above T = 300 K), was used for investigating the structural properties of the samples.
III. RESULTS
A. Magnetic order in the low doping region We first present the results for AF order in the low doping region revealed by 75 As NQR. The 75 As NQR spectra for AP and HP samples are shown in Fig. 1 (a),(b), respectively. A clear single peak, which can be fitted by a single Lorentzian function, was observed for x ≥ 0.06. Theoretically, 75 As NQR has only one peak corresponding to the m = ±1/2 ↔ ±3/2 transition, and the NQR frequency ν Q probes the electric field gradient (EFG) generated by the carrier distribution and the lattice contribution surrounding the target nucleus. Thus the well-resolved NQR spectra indicate that the carrier doping distribution and the lattice surroundings at As site are uniform for x ≥ 0.06.
In contrast, two peaks were observed for x = 0.03 and 0.04, which means that there exist two As sites with different EFG surroundings. This may due to the local arrangement of the F ion in the underdoped samples. Similar 75 As NQR spectra of two peaks in underdoped LaFeAsO 1−x F x were also reported by other groups [42] . In what follow, we denote the lower (higher) frequency peak with "Low" ("High"). The obtained doping dependence of the 75 As NQR frequency ν Q is shown in Fig. 2 (a). ν Q increases almost linearly with increasing the nominal x content. This result together with the fact that the lattice constant obtained by XRD also changes continuously as x increases [43] ensure that the carrier content does increase with increasing x. The full width at half maximum (FWHM) of the 75 As NQR spectra are shown in Fig. 2 (b) . Since the distribution of the F-content will result in a broadening of the NQR spectrum, it is reasonable that the FWHM increases with increasing
x for AP samples. The FWHM of the HP samples is almost x independent and comparable to that of x = 0.1 grown at ambient pressure, which indicates that high-pressure synthesis does not bring about additional F-content distribution. Figure 3 shows the temperature dependence of the 75 As NQR spectra for x = 0.03. It is obvious that the spectra are broadened at low temperatures. from the nuclear quadrupole interaction is given by [44] 
where eQ is the electric quadrupole moment, V αβ is the EFG tensor, and η = |V xx − V yy |/V zz is the asymmetry parameter of the EFG. For 75 As nucleus ( I = 3/2 ), the ±1/2 ↔ ±2/3 transition gives rise to a peak at ν Q = eQV zz 2h
1 + η 2 /3. When an AF order occurs and an internal magnetic field sets in, the Hamiltonian will be perturbed by the Zeeman interaction. The perturbative Hamiltonian is
given by H Z = −γ I · H int , where γ is the gyromagnetic ratio and H int is the internal magnetic field, respectively. Since the direction of H int at As-site is parallel to the c axis in LaFeAsO 1−x F x [45] , the perturbation can be written as H Z = −γ Î z H int . This perturbation removes the degeneracy of energy levels and the single 75 As NQR peak will split into three peaks, corresponding to -3/2 ↔ -1/2, -1/2 ↔ 1/2, and 1/2 ↔ 3/2 transitions. In particular, -3/2 ↔ -1/2 and 1/2 ↔ 3/2 transitions
H int , respectively. For our case in x = 0.03, the NQR spectra do not split completely due to a small H int ; the two transitions overlap, resulting in a broad peak. As shown shown in Fig. 2 (b) , the FWHM increases rapidly below T N .
To estimate the value of the internal magnetic field at As site, we performed a simple simulation.
Since FWHM of both Low and High increases below T N = 58 K, we assumed that different size of the internal magnetic field is produced at Low and High sites. For each As site, we have reproduced the spectra using two Lorentzians. Figure 3 shows the spectra below T N with the simulations. The interrelation between antiferromagnetism and superconductivity is one of the most intriguing issues. In this section, we present the experimental evidence for the microscopic coexistence of the AF order and superconductivity. We measured the spin-lattice relaxation rate (1/T 1 ) at Low ( f = 9.5 MHz) and High ( f = 10.3 MHz) for x = 0.03. The nuclear magnetization recovery curves of both Low and High peaks are of single component. Figure 5 shows the temperature dependence of 1/T 1 . For both Low and High, 1/T 1 forms a peak at T N = 58 K due to a critical slowing down of the magnetic moment. As the temperature is reduced, 1/T 1 decreases steeply at T = 9.5 K. The AC susceptibility measured by in-situ NQR coil shows that diamagnetism shows up below this temperature (T c = 9.5 K), thus the sharp decrease in 1/T 1 is due to the opening of a superconducting gap (Fig. 6) . The results of NQR spectra and 1/T 1 indicate that superconductivity coexists microscopically with AF order in LaFeAsO 0.97 F 0.03 . Compared to the parent compound LaFeAsO, T N for x = 0.03 is suppressed greatly. Our results of NQR spectra suggest that the AF order vanishes between x = 0.03 and 0.04. These features
were not seen at all in the previous works [31, 32] , which report that T N only decreases slightly by F doping and vanishes abruptly at some doping level. For x = 0.03 in our case, the small moment m Fe = 0.011 µ B is probably a factor in favor of the coexistence of antiferromagnetism and superconductivity.
The evolution of 1/T 1 T with doping level x suggests that, with doping, the system is approaching a magnetic instability between x = 0.03 and 0.04. According to the theory of weakly antiferromagnetically-correlated metal, 1/T 1 T is proportional to the staggered magnetic susceptibility χ ′′ (q) and follows a Curie-Weiss law [49] , 1/T 1 T = (1/T 1 T ) 0 +C/(T + θ). Here, the first term is the contribution from the density of states at the Fermi level, and the second term describes the contribution from the antiferromagnetic wave vector Q. The 1/T 1 T data can be well fitted by this theory [30] . The parameter θ approaches to 0 K between x = 0.03 and 0.04, which means that the many similarities with the 122 system.
Next, we turn to the superconducting state in the coexistence region. Below T c , 1/T 1 for x = 0.03 decreases, but becomes almost proportional to T below 5.7 K. This is in contrast to the x = 0.06 sample with the highest T c [30] or the optimally-doped Ba 1−x K x Fe 2 As 2 [28] , where 1/T 1 below T c decreases exponentially. The behavior below T c seen in x = 0.03 sample can not be ascribed to impurity scattering, since the line width of NQR spectrum for x = 0.03 is smaller than that for x = 0.06. Similar T -linear behavior of 1/T 1 was also observed in underdoped Ba 0.77 K 0.23 Fe 2 As 2 [38] and Ca 1−x La x FeAs 2 [50] , where superconductivity coexists with AF order. The gapless state in the coexistence region deserves further study. One possibility is that it arises from the excitations of an exotic pairing state with mixed spin-triplet component due to the coexisting magnetism [51] .
C. Structural phase transition
In the parent compound LaFeAsO, a structural phase transition takes place above T N [48] , but the evolution of T s with F content x is unclear in the low-doped regime. In the high doping regime of x > 0.2, we found that a structural phase transition also occurs, with T s intersecting the new superconducting dome. In this section, we compare the structural phase transition in the two doping regimes.
First, we directly confirmed the structural phase transition by TEM images. Next, we present the results for structural phase transition seen by 75 As NMR. Figure 9 (a) shows the 75 As NMR spectra for AP samples with 0.03 ≤ x ≤ 0.15 measured at T = 230K. For 75 As NMR, the total nuclear spin Hamiltonian is given by [44] 
where the first term is from the Zeeman interaction with K being the Knight shift, and the second term represents the interaction of the nuclear quadrupole moment with EFG tensor. In the highfield limit, the quadrupolar term can be treated as a perturbation. The principle axes (x ′ , y ′ , z ′ ) of the EFG are determined by the local symmetry in the unit cell. θ is the angle between the applied field H 0 and the z ′ axis. In the case of random powder samples with a uniform distribution of θ, the central transition (I z = -1/2 ↔ 1/2) of 75 As NMR will show a characteristic shape called "powder pattern". It can be seen from Fig. 9 (a) that all samples show a two-horns shape, as expected for a powder pattern, where the lower frequency horn and higher frequency horn correspond to θ = an anomaly at 135 K, followed by a steeper increase below 58 K where an AF order sets in. For x = 0.04, the FWHM keeps constant at high temperatures but increases below 100 K. By contrast, the FWHM is temperature independent from 30 K to 230 K for 0.06 ≤ x ≤ 0.15, as shown in Fig.   10(b) .
Below we illustrate that T = 135 K for x = 0.03 and T = 100 K for x = 0.04 correspond to a structural phase transition temperature T s . For single crystal LaFeAsO, 75 As NMR spectrum with H 0 // ab plane shows a single peak above T s and this peak splits into two corresponding to H 0 // a axis and H 0 // b axis below T s [52] . This is because orthorhombic distortion breaks the fourfold (C4) rotation symmetry of the EFG and the second order effect of the nuclear quadrupolar interaction in H 0 // a axis differ from that in H 0 // b axis. Since the difference of the second order effects was smaller, in pollycrystalline samples we observed only the increase of FWHM below T s , rather than the split of the spectrum.
For x > 0.5, we have found a structural phase transition by measuring the asymmetry of the EFG in the previous work [39] . Here we show that, for HP samples, the FWHM of NMR spectra recognized the structural phase transition as well. Figure 11 shows the θ = 90
• peak at some typical temperatures for x = 0.55. The spectra become broad with decreasing temperature. The T c forms two superconducting domes peaked at x opt = 0.06 with T c = 27 K and x opt =0.5∼0.55
with T c = 30 K, respectively. Above T c , the TEM images together with the NMR spectra, evidence that a C4 symmetry-breaking structural phase transition takes place above both domes, with T s varying strongly with x. In the first dome, the suppression of T s and T N shows a second-order-like variation towards superconducting dome, while T s intersects the second dome. This is the first report showing that the phase diagram of LaFeAsO 1−x F x at low doping region is actually similar to that of 122 FeSCs. In this section, we discuss possible new type of quantum criticality in the high-doped region on the basis of resistivity measurement. The previous works reported that the parent compound LaFeAsO and the underdoped samples show a kink in electrical resistivity ρ due to structural or magnetic transitions [48, 53] . In addition, ρ obeys ρ(T ) ∼ T 2 variation in the first dome for x ≤ 0.2 [54, 55] . The temperature dependence of ρ for the second dome (0.3 ≤ x ≤ 0.75) are presented in Fig.13(a) . For all samples, no anomaly is observed over the temperature range from T c to 300 K, which implies that AF order is absent in the second dome, being consistent with the NMR/NQR spectra. We fitted the normal state resistivity to ρ = ρ 0 + AT n and obtained the residual resistivity ρ 0 , the coefficient A and the exponent n. In contrast to the first dome, ρ of the second dome shows a non-Fermi liquid (NFL) behavior with n < 2. In particular, ρ shows a T -linear behavior with n = 1 at x = 0.55. To compare the variation of n more intuitively, we plot ρ(T ) − ρ 0 versus T in logarithmic coordinates, as shown in Fig.13(b) . The evolution of n, ρ 0 and A with F content are presented in Fig.14 . The ρ 0 value of HP samples is comparable to that of AP samples [53] . Since ρ 0 is a measure of the disorder degree, the results indicate that the quality of HP samples is close to that of the AP samples.
At the optimal doping level x = 0.5∼0.55 where T c is maximal and n = 1 is observed, the coefficient A also shows maximum. A is proportional to (m * ) 2 , where m * is the effective electron mass. These features are often considered as the signature of a magnetic QCP [56] . However, the second dome is far away from an AF order and no low-energy spin fluctuations can be found. Figure 15 shows the 75 As 1/T 1 T for AP and HP LaFeAsO 1−x F x . In the low doping regime close to the AF ordered phase, 1/T 1 T increases rapidly with decreasing temperature (Fig. 15 (a) ), while such increase is absent in the second dome ( Fig. 15 (b) ). The results indicate the presence of strong AF spin fluctuations in the first dome, whereas neither AF order nor low-energy spin fluctuation can be found in the second dome. Considering the fact that T s extrapolates to zero at x opt , it is more likely that the T -linear behavior of the resistivity arises from quantum criticality associated with the structural phase transition. It has been found that below T s electronic nematicity appears [15] [16] [17] [18] [19] . Theoretically, it was also shown that electronic nematic QCP can lead to NFL behavior [57] .
In fact, a two-superconducting-dome phase diagram has also been found in LaFeAsO 1−x H x [58], K 1−x Fe 2−y Se 2 [59] and LaFeAs 1−x P x O [60] , and more recently, also in K-doped FeSe thin films [61] .
However, our system is quite different from others. The two domes in LaFeAsO 1−x H x , LaFeAs 1−x P x O and K 1−x Fe 2−y Se 2 are all closely adjacent to a magnetic ordered state [58, 60, 62] , while in the higher-T c superconducting dome of K-doped FeSe thin film neither magnetism nor structural phase transition is present [61] . Thus the present system offers a unique opportunity to study the quantum criticality due to AF order and possibly electronic nematic order simultaneously.
IV. CONCLUSION
In conclusion, we have performed measurements on LaFeAsO 1−x F x (x = 0.03-0.75) by NMR and TEM. We demonstrated that a similar C4-symmetry-breaking structural phase transition takes place in the two doping regimes where two superconducting domes are formed. In the low-doping regime of x ≤0.2, T s and T N are well separated, and both show a second-order-like suppression with increasing doping level. For the x = 0.03 sample, we find that 75 As nuclear spin-lattice relaxation rate 1/T 1 shows a clear peak at T N = 58 K due to a critical slowing down of the magnetic moment and then a further decrease below T c = 9.5 K, which indicates that AF order and superconductivity coexist microscopically. Furthermore, 1/T 1 below 0.6T c decreases in proportion to T , indicating gapless excitations in the coexisting state. In the second dome, by contrast, there is neither AF order nor low-energy spin fluctuations. The T s extrapolates to zero at around x opt = 0.5∼0.55, where T c is the maximal. The T -linear behavior of electrical resistivity and the maximum of coefficient A seen at x opt points to a new type of quantum criticality which may provide a new route to high temperature superconductivity.
